Excited quark production at future γp colliders is studied. Namely, γp → q * X with subsequent q * → gq and γq decay channels are considered. Signatures for discovery of the excited quark and corresponding standard model backgrounds are discussed in detail. Discovery limits for excited quark masses and achievable values of compositeness parameters f s , f and f ′ are determined.
I. INTRODUCTION
Composite models are foreseen to explain repeated generations of quarks and leptons.
Excited quarks with rich spin and weak isospin spectra are unavoidable outcome of preonic models [1] [2] [3] [4] [5] [6] . Therefore, observation of excited quarks and investigation of their properties will give opportunity to determine mechanism of compositeness of quarks and leptons. D0 experiment at Fermilab Tevatron collider excludes excited quarks with mass region below 775 GeV for two jet decays at pp collisions with the assumption of f = f ′ = f s = Λ/m * [7] . Also, mass region below 760 GeV are excluded for jj decay by CDF experiment [8, 9] . Recently, D0 experiment has assumed q * production via qg fusion and via contact interactions and looked at Z jet decay to obtain exclusion of below 510 GeV [10] . The quoted limit is for Λ = m * .
The best place to discover the excited quark is hadron colliders like CERN Large Hadron
Collider (LHC) [6, 11] . Very high mass reach and low coupling values are possible at LHC.
Unfortunately, LHC does not permit accurate investigation of the properties of the excited quarks. Excited quarks can be pairly produced at e + e − colliders. However, their production is restricted by relatively low center of mass energy of lepton colliders. At this point of view ep and γp colliders are more advantageous because the excited quark is single produced at them. In addition to clearer signal environment, it is possible to investigate properties of the excited quarks with photo-production [12] [13] [14] . In ep colliders, Weiszäcker-Williams photons are used to produce excited quarks. However, their spectrum is concentrated at lower energies. Fortunately, it is possible to produce real photons by colliding laser photons with high energy electrons. Resulting Compton backscattered photons are produced with high polarization and a spectrum with most of photons carrying about 80 percent of electron energy [15] [16] [17] . Recently, LHC based linac-ring type ep colliders were proposed in refs. [18] [19] [20] with the names of QCD Explorer with √ s = 1.4 TeV and Energy Frontier ep collider with √ s = 3.74 TeV. In refs. [21] [22] [23] [24] , the feasibility of γp colliders based on QCD Explorer and Energy Frontier ep colliders is shown.
In this paper, excited quark production at future γp colliders is studied. In Section II, an effective Lagrangian describing transition between an excited quarks and the standard model (SM) quarks is presented; the decay width and branching ratios of the excited quarks are evaluated. Production of excited quarks at QCD Explorer based γp collider with √ s max = 
II. EXCITED QUARK INVOLVED INTERACTIONS
Excited quarks will have vertices with SM quark and gauge bosons (photon, gluon, Z or W bosons). They can be produced at hadron colliders via quark gluon fusion or at ep and γp colliders via quark photon fusion. Interactions involved excited quark can be described as below [6] : 
where G a µν , W µν and B µν are the field-strength tensors of the gluon, the SU(2) and the U(1) gauge fields; λ a , τ and Y are the corresponding gauge structure constants; g s , g = e/sinθ W and g ′ = e/cosθ W are the strong and electroweak gauge couplings; f s , f and f ′ are parameters determined by the composite dynamics.
In order to compute decay widths of the excited quarks, above lagrangian has been implemented into the CompHEP [25] . Obtained results for branching ratios of decays of the excited quarks into SM quarks and gauge bosons are given in Table I . In these calculations, Λ = m * and f = f ′ = f s = 1 have been taken. Also, Fig. 1 shows total and partial decay widths as a function of the excited quark mass. More than 80 percent of excited quarks decay into quark and gluon.
III. THE EXCITED QUARK PRODUCTION AT γp COLLIDERS
The production of the first generation excited quarks at γp colliders takes place through the photonic excitation process of qγ → q * . The calculated total production cross sections for u * and d * are presented for the QCD Explorer based γp collider ( √ s max = 1.27 TeV) and the Energy Frontier γp collider ( √ s max = 3.41 TeV) in Fig. 2 . In numerical calculations, CTEQ6L1 parton distribution functions are used [26] . As it can be seen, u * production is about an order higher than d * . The reasons for this are the number of the corresponding quarks in proton and their respective charges. In this study only γq → q * → gq and γq → q * → γq processes are considered as signatures (at parton level) of the excited quarks at γp colliders. These signatures will be observed as dijet and photon-jet at the detector, respectively.
The main tree level Feynman diagrams for the excited quark production at γp collider with subsequent gq and γq decay channels and their SM background processes are shown in Fig. 3 . Since the largest contributions to production cross section of the excited quark come from s-channel subprocesses, t-channel subprocesses are omitted. The second diagrams in Fig. 3a and 3b originate from sea quarks at proton. All the SM processes (s-and t-channels) allowed in γp collisions yielding two jets (Fig. 3c ) and photon-jet (Fig. 3d) were considered as background. For these background processes, both valance and sea quark contributions are considered.
For both the dijet and photon-jet processes, the pseudorapidity of jets is taken |η j | < 2.5; the pseudorapidity of photon is taken |η γ | < 2.5; separation between jets is taken ∆R jj > 0.7
and separation between photon and jet is taken ∆R jγ > 0.4 as detector limitations. As seen from Tables II and III 
where L int is the integrated luminosity of the collider) are given. One way to observe excited quark is to look at cross section with respect to the jet-jet invariant mass for the γp → q * X → jjX channel. The invariant mass spectra for the signal and the SM background are given in Fig. 4 . It is drawn for sample values of excited quark masses of 700, 800, 900 and 1000 GeV for the QCD Explorer based γp collider and 1000, 1500, 2000 and 2500 GeV for the Energy Frontier γp collider in Fig. 4a and 4b , respectively.
As can be seen from the figure, the expected signal for u * is well over the background, while colliders, respectively. Since d * signal becomes well below background with the increase of the photon-jet invariant mass, it will be difficult to observe excited d quark.
The transverse momentum distributions for the SM backgrounds as well as the signal of the jj and γj channels are given in Fig. 5(a,b) and 5(c,d), respectively, for the excited quark mass of 1 TeV in the cases Λ = m * and f = f ′ = f s = 1. As can be seen from figures, the transverse momentum peaks at the half of the excited quark mass; photons and jets Hence these figures could help us to determine optimal p T cut value and eliminate most of the corresponding background.
Pseudorapidity, η, is a spatial coordinate describing the angle of a particle relative to the beam axis. It is defined as
where θ is the polar angle relative to the γ beam axis in this paper. The signal and SM background distributions for jets in dijet channel with respect to the pseudorapidity are shown in Fig. 6 . As seen from the figure, pseudorapidity distributions of jets resulting from u and d quarks are mostly negative because of momentum boost on the direction of proton beam. Since QCD Explorer is more asymmetrical compared to Energy Frontier, the pseudorapidity distribution of QCD Explorer is more negative shifted than ones for Energy
Frontier. As conferred from Fig. 6a and 6b, the pseudorapidity of QCD Explorer spans from -1.5 to -3.1 corresponding to polar angles of 25 degrees to 5 degrees relative to proton beam axis. In this paper, |η j | < 2.5 is taken as detector cut on pseudorapidity which is similar to ATLAS detector cut. However, half of the signal is left out with this choice. Therefore one needs to design a special asymmetric detector for QCD Explorer based γp collider. Energy
Frontier γp collider has −2.5 ≤ η j ≤ 0.5 for the dijet channel as seen from Fig. 6c and   6d . ATLAS type detector is suitable for this collider. Similar pseudorapidity ranges are determined for photon jet channel in both QCD Explorer and Energy Frontier γp colliders (Fig. 7) .
Achievable mass and coupling values for the excited quark are established by requiring in Fig. 8 for different γp colliders. As seen from the figure, it will be possible to probe compositeness parameters down to 0.1 depending on the mass.
For the process γp → q * X → γjX Tables VI and VII show that, excited up quark will be observed up to m u * = 855 GeV (965 GeV) at QCD Explorer with L int = 0.6 fb −1 (6 fb −1 ), whereas these limits becomes 1570 GeV (2140 GeV) for Energy Frontier with L int = 60 pb −1
(600 pb −1 ). Figure 9 shows observation reach of compositeness parameters f s , f and f ′ as a function of the excited up quark mass. Observation of d * excited quark is not possible at this channel with given collider parameters (see Tables VI and VII) . Also, this study shows that QCD Explorer based γp collider requires a forward detector designed for it. Meanwhile one can use a detector similar to ATLAS for Energy Frontier γp collider.
